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Activation of ERK or inhibition of JNK ameliorates H2O2 cy-
totoxicity in mouse renal proximal tubule cells.
Background. Our previous studies suggest that the balance
between the activation of extracellular signal-regulated kinase
(ERK) and the c-Jun N-terminal/stress-activated protein kinase
(JNK) might determine cell fate following oxidant injury in vivo.
Methods. The mouse proximal tubule cell line (TKPTS) was
used to study hydrogen peroxide (H2O2)-induced death and
survival. The role of ERK and JNK in this process was stud-
ied by using adenoviruses that contain either a constitutively
active mitogen-activated protein kinase kinase 1 (MEK1) or a
dominant-negative JNK. Acridine orange plus ethidium bro-
mide staining was applied to distinguish between viable, apop-
totic, and necrotic cells following H2O2 treatment. We analyzed
cell cycle events by fluorescence-activated cell sorter (FACS)
analysis and the phosphorylation status of ERK and JNK by
Western blotting.
Results. TKPTS cells survived a moderate level of oxidative
stress (0.5 mmol/L H2O2) via temporary growth arrest, while
high dose of H2O2 (1 mmol/L) caused extensive necrosis. Sur-
vival was associated with activation of both ERK and JNK,
while death was associated with JNK activation only. Prior
adenovirus-mediated up-regulation of ERK or inhibition of
JNK function increased the survival (8- or 7-fold, respectively)
of TKPTS cells after 1 mmol/L H2O2 treatment. Interestingly,
ERK activation and, thus, survival was associated with growth
arrest not proliferation.
Conclusion. We demonstrate that oxidant injury–induced
necrosis could be ameliorated by either up-regulation of en-
dogenous ERK or by inhibition of JNK-related pathways. These
results directly demonstrate that the intracellular balance be-
tween prosurvival and prodeath mitogen-activated protein ki-
nases (MAPKs) determine proximal tubule cell survival from
oxidant injury and reveal possible mediators of survival.
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Ischemic acute renal failure is a common disorder
among hospitalized patients and is the leading cause of
acute renal failure [1]. It is believed that cell damage fol-
lowing ischemia/reperfusion (I/R) is a biphasic process:
ischemia deprives the cells of energy needed for main-
tenance of homeostasis, while reperfusion activates free
radicals exacerbating the damage [2]. Damage to cells
during I/R injury is associated with the formation of reac-
tive oxygen species (ROS) and free radicals [3]. Hydrogen
peroxide (H2O2) is a major ROS that has been postulated
to play a crucial role in the pathogenesis of renal I/R. In
the rat, generation of H2O2 has been demonstrated to
contribute to acute apoptotic or necrotic cell death in-
duced by I/R [4, 5]. Mammalian cells respond to oxidative
stress depending on the stress level [6]. Rapidly growing
cells treated with low levels of hydrogen peroxide survive
via temporary growth arrest, while higher concentrations
of H2O2 induce cell death (our preliminary observation).
This offered the opportunity to study the effects of ma-
nipulation of the cell survival or death in a well-defined
system.
I/R activates a number of mitogen-activated protein
kinases (MAPKs) such as extracellular signal-regulated
kinase (ERK) and c-Jun N-terminal/stress-activated pro-
tein kinase (JNK), in the kidney [4, 5, 7–11]. Our earlier
data showed that ERK was activated only in the thick as-
cending limb (TAL), but not in the proximal tubules (PT),
of the rat kidney, while JNK was activated in both seg-
ments during renal I/R [7]. Inhibition of ERK activation
by the mitogen-activated protein kinase kinase (MEK)
inhibitor PD 98059 augmented oxidant-induced death in
the TAL cells [7]. We suggested that differences in MAPK
activation might contribute to the observed differences
in cell survival. Publications from other groups also sup-
ported this observation: inhibition of ERK significantly
increased cell death after H2O2 treatment in various cell
types, including epithelial and neuronal cells as well as
chondrocytes [12, 13] [14]. Also, various cells expressing
constitutively active MEK, the immediate upstream reg-
ulator of ERK, were more resistant to H2O2 cytotoxicity
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[15]. In addition, inhibition of JNK improved viability of
intestinal cells upon exposure to H2O2 [16].
Accordingly, our aim was to demonstrate the beneficial
effects of up-regulation of ERK or down-regulation of
JNK on the survival of renal proximal tubule cells after
H2O2 treatment, and to identify possible mechanisms for
these effects.
METHODS
Cell culture
The mouse proximal tubule cell line (TKPTS) was
obtained from Dr. Bello-Reuss [17] and grown in 5%
CO2 atmosphere at 37◦C as described earlier [7]. Exper-
iments were performed on logarithmically growing cells
(approximate 50% confluency). Accordingly, cells were
treated with either 0.5 or 1 mmol/L H2O2 for various time
points.
Analysis of cell viability
Viable cell count was determined by Trypan Blue
(Sigma, St. Louis, MO, USA) exclusion in a hemocy-
tometer. Cell morphology was determined by an inverted
microscopy (Nikon Eclipse TE200 equipped with a
Hoffman Modulation Contrast Optics, Melville, NY,
USA). Acridine orange plus ethidium bromide double
staining was used to determine the nature of cell death
after H2O2 treatment in the following manner [18]. Cells
were harvested and suspended in phosphate-buffered
saline solution (PBS). Twenty-five lL of cell suspension
was mixed with 1 lL of staining cocktail that contained
acridine orange and ethidium bromide. After 2 minutes
incubation, 10 lL of suspension was placed on glass slide
and examined at ×400 magnification with a fluorescent
microscope (Nikon). Viable cells are identified by a bright
green nucleus with intact structure. Early apoptotic cells
show bright green nucleus with condensed chromatin,
while nuclei of apoptotic cells in the late phase stain or-
ange and show condensed chromatin structure. Necrotic
cells show orange nucleus without condensed chromatin
[18].
Adenoviral infection of TKPTS cells
TKPTS cells grown in 6-well plates were incubated
in a small volume of serum-free medium containing 50
multiplicities of infection (MOI) adenovirus vector that
contains the constitutively active MEK1 (Ser 218 and
Ser222 to Glu, AxMEKCA) [19] for 1 hour at 37◦C. The
cells were then washed with PBS and further incubated
in the appropriate amount of serum-containing medium
for 24 hours at 37◦C. Infection with a dominant-negative
(kinase-dead) JNK adenovirus (Ad-dn-JNK) [20] was
performed similarly, with the exception that after 1-hour
exposure the medium was reconstituted and the cells
were further exposed for 24 hours. For molecular analy-
sis, total cell lysates from these infected cells were pre-
pared. For survival studies the infected cells were treated
with 1 mmol/L H2O2 for 24 hours, and cell counts were
determined by Trypan Blue exclusion. The efficiency
of infection was determined by a control adenovirus
(Ad-GFP) [20]. The efficiency of infection was around
80% (data not shown).
Western blot analysis
Monolayers were lysed in a radioimmunoprecipita-
tion assay (RIPA) buffer (250 lL/T25 flask) as described
earlier [21]. Briefly, lysates were incubated on ice for
60 minutes and were then spun down at 10,000g for
15 minutes at 4◦C. Protein content of the supernatant
that contained the total cell lysate was determined by a
BioRad (Hercules, CA, USA) reagent. Total cell lysates
(100 lg) were subjected to a sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) (Mini-
Protean 3 Cell; BioRad), and the resolved proteins were
transferred to a polyvinylidine difluoride (PVDF) mem-
brane (BioRad) using a Criterion blotter (BioRad).
After the transfer, the membranes were washed in
Tris-buffered saline with 0.1% Tween (TBST) buffer
containing 5% nonfat dry milk for an hour at room
temperature. After washing, membranes were incubated
in 5% dried milk in TBST with the appropriate pri-
mary antibody (at dilution that was recommended by the
manufacturer) overnight at 4◦C with constant shaking.
Antibodies against the phospho-ERK1/2 (Thr202/
Tyr204), ERK1/2, JNK, phospho-p38 (Thr180/Tyr182),
phospho-CREB (Ser133), CREB, and p38 were pur-
chased from Cell Signaling Technology (Beverly, MA,
USA). Antibody against phospho-JNK (Thr183/Tyr185),
phospho-RSK (Ser380), and RSK2 were purchased from
Santa Cruz Biotechnology, Inc. (Santa Cruz, CA, USA).
Membranes were then washed thoroughly in TBST
and incubated in 5% dried milk/TBST that contained the
appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies (1:5000 dilution) for an additional
45 minutes at room temperature. At the end of the in-
cubation, membranes were washed in TBST and then
developed by an enhanced chemiluminescence (ECL)
reagent (Amersham Biosciences, Piscataway, NJ, USA).
The chemiluminescence was detected by exposure to
Hyperfilm ECL chemiluminescence film (Amersham
Biosciences) at room temperature. Blots were analyzed
by densitometry (UnScan-It v. 5.1; Silk Scientific, Orem,
UT, USA).
Cell cycle analysis
Cell cycle analysis was performed by propidium iodide
(PI) staining. TKPTS cells were collected after trypsiniza-
tion and fixed in 70% ethanol overnight. After RNAse
treatment cells were incubated with 5 lg/mL PI and
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Fig. 1. Effects of various concentrations of H2O2 on survival of mouse
renal proximal tubule cells (TKPTS). (A) TKPTS cells at 50% conflu-
ency were treated with 0.5 or 1 mmol/L of H2O2 for 24 hours. Cell count
was determined as described in Methods. Cell counts are given as per-
centage of the pretreatment control. Values are given as mean ± SD
(N = 6). Significance was analyzed by Student t test. (B) Representative
photographs show the pretreatment control or 24-hour H2O2-treated
cells (magnification ×100).
analyzed with a Becton Dickinson FACSCalibur ana-
lyzer (Becton Dickinson, San Jose, CA, USA). The cell
cycle profile was analyzed using the CellQuest software
(Becton Dickinson).
Statistical analysis
Statistical differences between the treated and control
groups were determined by Student paired t test. Differ-
ences between means were considered significant if P <
0.05. All analyses were performed using a SigmaStat 2.01
(San Rafael, CA, USA) software package.
RESULTS
Effects of H2O2 exposure on survival of TKPTS cells
To elucidate the effects of H2O2, TKPTS cells were
treated with either 0.5 or 1 mmol/L of H2O2 for 24 hours
and cell counts were determined. H2O2 (0.5 mmol/L)
caused growth arrest because cell counts after 24 hours
treatment were the same as before treatment (Fig. 1A).
Control (untreated) cells nearly tripled during the same
time period (data not shown). Those 0.5 mmol/L H2O2-
treated cells were morphologically normal (Fig. 1B) and
excluded Trypan Blue, similar to the control cells (data
not shown). The vast majority of cells showed intact struc-
ture and were stained bright green with acridine orange
plus ethidium bromide (Fig. 2B), similar to the untreated
cells (Fig. 2A). Only a small portion of the cells stained
orange without condensed nuclei, which is characteristic
of necrotic cells. FACS analysis showed a G2/M arrest
during 0.5 mmol/L H2O2 exposure (Fig. 3). Cell numbers
Fig. 2. Morphology of mouse renal proximal tubule cells (TKPTS) af-
ter H2O2 treatment. TKPTS cells were treated with (B) 0.5 mmol/L or
(C, D, E, and F) 1 mmol/L H2O2 for 24 hours. (A, B, C, E, F) Cells
were harvested and double-stained with acridine orange plus ethidium
bromide as described in Methods. Cells were examined under a flu-
orescent microscope (magnification ×400). Representatives of three
independent experiments are shown. (A) Control, untreated, (B) cells
treated with 0.5 mmol/L H2O2, (C) cells treated with 1 mmol/L H2O2.
(D) Representative photograph of 1 mmol/L H2O2-treated (necrotic)
cells (magnification ×400). The arrow shows cell detachment. (E) Cells
were infected with the adenoviral AxMEK 24 hours before 24 hours of
treatment with 1 mmol/L H2O2. (F) Cells were infected with the ade-
noviral dnJNK 24 hours before 24 hours of treatment with 1 mmol/L
H2O2.
doubled 24 hours after replating these 0.5 mmol/L H2O2-
treated cells (data not shown). FACS analysis also demon-
strated that those cells reentered the cell cycle from the
0.5 H2O2-induced G2/M arrest (Fig. 3).
By contrast, 1 mmol/L H2O2 caused obvious cell death
(Fig. 1). Morphologic changes were typical for necrotic,
but not apoptotic, cell death: the cells were swollen and
showed a lysed appearance, and were lifted off the cul-
ture plate in sheets (Fig. 2D). The nucleus of the vast
majority of these cells was stained orange without signs
of nuclear condensation (Fig. 2C), which is characteristic
for necrotic cell death. These cells ceased to proliferate
after replating (data not shown).
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Fig. 3. Demonstration of the proliferative nature of cells after treat-
ment with 0.5 mmol/L H2O2. Mouse renal proximal tubule cells
(TKPTS) were harvested 24 hours after 0.5 mmol/L H2O2 treatment
and subjected to cell cycle analysis. (A) Control (untreated) cells, (B)
cells treated with 0.5 mmol/L H2O2 for 24 hours, (C) cells treated with
0.5 mmol/L H2O2 for 24 hours and then replated for an additional
48 hours. Data shown are typical representatives of three independent
experiments.
Effects of H2O2 exposure on the phosphorylation
of various MAPKs
The above-described responses were also reflected in
differences in activation (phosphorylation) of various
MAPKs. H2O2 (0.5 mmol/L) immediately and transiently
increased phosphorylation of ERK (Fig. 4A), followed
by another peak after 24 hours. By contrast, 1 mmol/L
H2O2 had no effect on the phosphorylation pattern of
ERK (Fig. 4B). Phosphorylation of the stress kinase JNK,
however, was found to be elevated at all time points af-
ter both 0.5 and 1 mmol/L H2O2 treatments (Fig. 4A).
Interestingly, phosphorylation of the other stress kinase,
p38MAPK, was unchanged after H2O2 treatment at both
concentrations. Quantitative assessment of Western blots
is seen in Figure 5. Because the levels of phosphorylated
ERK and p38 change during cell growth (compare val-
ues measured at 1 or 24 hours), we included untreated
controls at 1 and 24 hours post-treatment. The baseline
phosphorylation pattern of the MAPKs did not change
between 1 and 6 hours of growth (data not shown).
Effects of adenovirus-mediated activation of ERK
on cell survival after exposure to 1 mmol/L of H2O
Endogenous ERK was up-regulated by infecting
TKPTS cells with an adenovirus that contained a con-
stitutively active form of MEK1 (Ax-MEK1CA). MEK1
is an ERK kinase that is responsible for phosphorylation
of ERK [22]. Western blots showed that Ax-MEK1 infec-
tion highly up-regulated phosphorylation of ERK at the
time and after H2O2 treatment (Fig. 6). We also demon-
strated that adenoviral ERK activation was accompanied
by activation of its downstream targets, such as p90rsk and
cAMP response element-binding protein (CREB), under
the same condition (Fig. 6). Adenoviral up-regulation of
ERK did not lead to activation of the endogenous JNK
(data not shown). Exposure of AxMEK-pretreated cells
to 1 mmol/L H2O2 for 24 hours showed significantly re-
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Fig. 4. Effects of H2O2 treatment on phosphorylation status of vari-
ous mitogen-activated protein kinases (MAPKs). Mouse renal prox-
imal tubule cells (TKPTS) at 50% confluency were treated with (A)
0.5 or (B) 1 mmol/L of H2O2 for the time points indicated. Total cell
lysates were prepared and Western blot analyses were performed as
described in Methods. Phosphorylated and unphosphorylated forms of
ERK1/2, JNK-p54/p46, and p38 were detected, accordingly. Data shown
are typical representatives of three independent experiments. C0 and
C24–control (untreated) cell lysates; T1, T6, and T24–cell lysates after
1, 6, and 24 hours of treatment, respectively.
duced cell death compared with control (noninfected)
cells (Fig. 7). Cells infected with Ad-GFP, which does not
contain the active MEK1 gene, did not affect the response
to 1 mmol/L H2O2 treatment in TKPTS cells. Cells that
were AxMEK-infected and treated with 1 mmol/L H2O2
for 24 hours showed significantly more bright green stain-
ing with intact nuclei (viable cells) after acridine orange
plus ethidium bromide staining (Fig. 2E) than those that
were treated with 1 mmol/L H2O2 without AxMEK in-
fection (Fig. 2C). AxMEK infection itself did not change
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Fig. 5. Quantitative analysis of Western blots. Blots demonstrated in
Figure 3 were analyzed by densitometry. Values are expressed as fold
changes relative to the appropriate controls. Values are given as mean ±
SD (N = 3). Significance of differences between the untreated control
and treated groups was revealed by Student t test. ∗P < 0.05 and ∗∗P <
0.001.
the pattern of acridine orange/ethidium bromide staining
(data not shown). Cell cycle analysis showed that aden-
oviral activation of ERK and concomitant H2O2 stress
resulted in growth arrest (Fig. 8) similar to that seen in
cells exposed to 0.5 mmol/L H2O2 (Fig. 3).
Effects of adenovirus-mediated overexpression
of dominant-negative (dn) JNK on cell survival
after exposure to 1 mmol/L of H2O2
TKPTS cells were infected with a kinase-dead dn-JNK
adenovirus for 24 hours. Western blotting demonstrated
that 1 mmol/L H2O2 increased JNK phosphorylation
30 minutes after the treatment both in the presence or
absence of dn-JNK (Fig. 9). Interestingly, Ad-dn-JNK in-
fection itself increased JNK phosphorylation. In contrast
to JNK, phosphorylation of c-Jun—the immediate down-
stream target of JNK—did not increase in Ad-dn-JNK-
pERK1
pERK2
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ERK2
pRSK1/2
RSK1/2
pCREB
CREB
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– + – +
Ax-MEK1
H2O2
Fig. 6. Phosphorylation status of extracellular signal-regulated ki-
nase (ERK) and its downstream targets before and after 1 mmol/L
H2O2 treatment in adenoviral mitogen-activated protein kinase ki-
nase (MEK)-infected cells. Subconfluent mouse renal proximal tubule
cells (TKPTS) were infected with 50 multiplicities of infection (MOI)
AxMEK1CA as described in Methods. After 24 hours, cells were treated
with 1 mmol/L H2O2 for 1 hour, and total cell lysates were pre-
pared. Phosphorylation of ERK1/2, p90rsk2 (RSK2), and cAMP re-
sponse element-binding protein (CREB) was determined by Western
blotting. Data shown are typical representatives of three independent
experiments.
infected cells that were treated with 1 mmol/L H2O2,
demonstrating successful inhibition of the JNK pathway.
This down-regulation of the JNK pathway by Ad-dn-JNK
infection significantly protected the cells from 1 mmol/L
H2O2-induced death (Fig. 10). Also, the number of viable
cells (bright green staining with intact nuclei after acri-
dine orange plus ethidium bromide staining) was signifi-
cantly higher after adenovirus infection of H2O2-exposed
cells (Fig. 2F) than after 1 mmol/L H2O2 treatment alone
(Fig. 2C). DnJNK infection itself did not change acridine
orange/ethidium bromide staining (data not shown).
DISCUSSION
H2O2 has been proposed to play a role as a second
messenger in signal transduction pathways [23]. H2O2 has
been shown to activate ERK, JNK, and p38 in various cell
types, including renal cells [13, 15, 24, 25]. While the role
of ERK in mediating cell survival is broadly suggested [7,
12, 13, 15, 26, 27], the role of JNK activation in promotion
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Fig. 7. Effects of adenoviral extracellular signal-regulated kinase
(ERK) activation on cell survival after 1 mmol/L H2O2 treatment. (A)
Twenty-four hours after AxMEK1 infection mouse renal proximal tubu-
lar cells (TKPTS) were treated with 1 mmol/L H2O2 for 24 hours. Cell
numbers were counted and are given as percentage of the control values.
Similarly, Ad-GFP (control)-infected cells were also processed. Values
are given as mean ± SD (N = 3). Statistical analysis was performed by
Student t test. (B) Representative photographs of control or 24-hour
H2O2-treated cells (magnification ×100).
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Fig. 8. Effects of adenoviral up-regulation of extracellular signal-
regulated kinase (ERK) on the cell cycle. (B) Mouse renal proxi-
mal tubular cells (TKPTS) were infected with AxMEK as described
above. Twenty-four hours after infection fluorescence-activated cell
sorter (FACS) analysis determined the status of their cell cycle com-
pared to their (A) uninfected counterparts. Infected cells were treated
with 1 mmol/L H2O2 for 24 hours and (C) cell cycle analysis was per-
formed. Data shown are typical representatives of three independent
experiments.
of survival of intestinal [16] and renal proximal tubule
cells [25] after oxidant injury has also been demonstrated.
By varying the concentration of H2O2 we were able
to study the role of MAPKs under conditions of ei-
ther cell survival or cell death in TKPTS cells (Fig. 1).
Accordingly, cells survive via growth arrest after a mod-
erate dose (0.5 mmol/L) of H2O2 insult, but die after high
dose (1 mmol/L) of H2O2 treatment. Indeed, 0.5 mmol/L
H2O2-treated cells showed a G2/M arrest (Fig. 3).
Growth-arrested cells were capable of re-entering the
cell cycle 24 hours after replating (Fig. 3), providing ev-
idence for their viable nature. Additional evidence for
viability of those cells was the demonstration of intact
nuclei in the 0.5 mmol/L H2O2-treated cells (Fig. 2B).
pJNKp46
p-c-jun
– + – +
– – + +
1mmol/L H2O2
Ad-dnJNK
Fig. 9. Adenoviral inhibition of 1 mmol/L H2O2-induced c-Jun N-
terminal/stress-activated protein kinase (JNK) activity. Mouse renal
proximal tubular cells (TKPTS) at low confluency were infected with 50
multiplicities of infection (MOI) Ad-dn-JNK as described in Methods.
After 24 hours, cells were treated with 1 mmol/L H2O2 for 1 hour, and
total cell lysates were prepared. Phosphorylation of JNKp46, together
with c-Jun, was determined by Western blotting. Data shown are typical
representatives of three independent experiments.
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Fig. 10. Effects of adenoviral c-Jun N-terminal/stress-activated protein
kinase (JNK) inhibition on cell survival after 1 mmol/L H2O2 treatment.
(A) Twenty-four hours after Ad-dn-JNK or Ad-GFP (control) infection
cells were treated with 1 mmol/L H2O2 for 24 hours. Cell numbers were
counted and are expressed as percentage of the control values. Values
are given as mean ± SD (N = 3). Statistical analysis was performed by
Student t test. (B) Representative photographs of control or 24-hour
H2O2-treated cells (magnification ×100).
Moderate levels of H2O2 have been shown to induce a
transient multiphase cell cycle arrest (G1, S, and G2) in
mouse fibroblasts [26], or a G2/M arrest in human lung
cancer cells [27]. It has been postulated that temporar-
ily growth-arrested cells are protected by their reduced
levels of energy use and subsequent DNA damage [6,
26]. By contrast, severe oxidant stress (1 mmol/L H2O2)
caused necrotic cell death (Fig. 2 C and Fig. 2 D); these
cells showed orange nuclear staining without chromatin
condensation.
We also demonstrated that cell survival was accom-
panied by a concomitant activation of ERK and JNK
(Fig. 4A and Fig. 5), while cell death caused only phos-
phorylation of JNK (Fig. 4B and Fig. 5). Adenovirus-
mediated activation of ERK (Fig. 6) significantly
enhanced cell survival after 1 mmol/L H2O2 treatment
(Fig. 7). The increased number of viable cells was also
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demonstrated by acridine orange plus ethidum bromide
staining (Fig. 2E vs. Fig. 2C). These experiments pro-
vide direct confirmation of the hypothesis that enhanced
ERK activity is necessary to protect renal cells from se-
vere oxidant injury [7, 8, 28]. Cell survival via activation
of the ERK pathway could be either transcription-
dependent or -independent [29]. Among the known pro-
survival targets of ERK we showed that adenoviral ERK
up-regulation resulted in activation of p90Rsk and CREB
(Fig. 6). The phosphorylation and activation of p90Rsk
and CREB have been shown to be necessary prosurvival
targets in the ERK pathway in other stressed cells [13,
29–31]. Whether the phosphorylation of these, or other,
downstream targets are necessary and sufficient for the
observed protection will require additional studies.
Our results suggest that cell survival is promoted by
ERK activation-mediated growth arrest (Figs. 3–8), and
not by proliferation [32]. Similar observations in other
systems, including a mouse kidney model [9], show that
the cytoprotective role of ERK activation is not depen-
dent on the induction of proliferation [32, 33]. In the
kidney the relationship between proliferation and ERK
activation, as well as survival, is compatible with the view
that ERK activation is antiproliferative and prosurvival
in nature. Thus, we have demonstrated that the TAL,
which survives after I/R injury [7], does not participate in
the proliferative response [34] during repair. Addition-
ally, we have suggested that ERK activation occurs pri-
marily in the TAL [7] and not the proliferating proxi-
mal tubules [34], a finding recently confirmed by others
[9]. Also, our group recently showed that the activation
of the p21CIP1, a cell cycle inhibitor, ameliorates I/R in-
jury [35, 36]. Thus, while the present studies manipulate
events in proliferating proximal tubules and not in quies-
cent TAL, and should be interpreted with some caution,
they do establish the notion that ERK activation, when
accompanied by cell cycle arrest and not proliferation, is
cytoprotective.
Our results show that down-regulation of JNK func-
tion by inhibition of c-Jun phosphorylation (Fig. 9)
protects proximal tubule cells from severe oxidant injury–
caused necrotic cell death (Fig. 10). Acridine orange
plus ethidum bromide staining showed increased number
of viable cells in dn-JNK–infected culture (bright green
staining with intact nuclei, Fig. 2F vs. Fig. 2C). JNK has
been shown to respond to many stresses, including H2O2
[37, 38], and is an important mediator of cell death in-
duced by H2O2 [39]. Studies suggest that JNK mediates
not only apoptotic, but necrotic, cell death in a variety of
cell types [11, 40, 41]. Preconditioning of human leukemia
cells with low dose of H2O2 prevents cell death after re-
peated high-dose H2O2 exposure by blocking the activa-
tion of the JNK pathway [39]. It has also been shown that
ischemic injury of proximal tubules could be prevented by
prior ischemic pretreatment [8] or by ureteral obstruction
[9]. Earlier data from our group demonstrated that inhi-
bition of JNK by N-acetyl cysteine ameliorated ischemic
renal failure [42]. Similarly, overexpression of a dn-
JNK construct protected pancreatic beta cells from oxi-
dant injury [20]. These observations suggest that reduced
postischemic activation of JNK is important in survival of
oxidant injury–mediated cell death. JNK phosphorylates
various targets, such as transcription factors and nuclear
proteins [43]. c-Jun is a JNK substrate that has been impli-
cated in various cellular processes, ranging from cell pro-
liferation to neoplastic transformation [44]. It has been
proposed that severe oxidative stress induces prodeath
signals via activation of JNK and its downstream target,
c-Jun [13], the latter of which, in turn, activates transcrip-
tion of genes that are involved in cell death [45]. Accord-
ingly, dn JNK abolishes H2O2-mediated phosphorylation
of c-Jun, and thus, protects alveolar epithelial cells from
death [46]. Also, adenoviral expression of a dn-c-Jun con-
struct prevented death of hepatocytes from oxidant injury
[47]. Pharmacologic inhibition of JNK protects renal ep-
ithelial cells against oxidative injury [28]. On the other
hand, c-jun expression could be up-regulated in cells that
survive I/R in vivo [34]. Thus, downstream targets of JNK
and/or c-jun that are responsible for necrotic cell death
remain to be defined.
The mechanism of the differential activation of ERK
after treatment with various concentrations of H2O2 re-
mains to be determined. Several groups have demon-
strated that H2O2 mediates epidermal growth factor
receptor (EGFR) phosphorylation, resulting in activa-
tion of the ras/ERK [48–50] and JNK [25] pathways. One
can postulate that a differential phosphorylation of the
EGFR might be responsible for the observed differen-
tial effects of H2O2 treatment on ERK phosphoryla-
tion (Fig. 4). However, we could not demonstrate such
differences (data not shown). Therefore, activation of
inhibitory pathways that could interfere with ERK activa-
tion should be considered. The MAP kinase phosphatase-
1 (MKP-1) is known to inactivate the ERK pathway
by dephosphorylating ERK [51]. It is activated by the
ERK pathway itself [51], or by H2O2 [52]. Thus, a dose-
dependent activation of MKP-1, and consequent inhibi-
tion of ERK activation, might be plausible. Furthermore,
sprouty-1 (Spry-1) inhibits signaling by receptor tyrosine
kinases such the MAPK/ERK pathway [53]. Thus, its role
in prevention of ERK activation by high-dose H2O2 treat-
ment should be also considered.
CONCLUSION
Our data provide direct evidence that the balance be-
tween prosurvival (ERK) and prodeath (JNK) MAPKs
is important in cell survival during oxidant injury in prox-
imal tubule cells. Manipulation of either pathway could
1238 Arany et al: ERK and JNK and renal cell survival after oxidant injury
provide an efficient means to ameliorate the outcome of
ischemic acute renal failure.
ACKNOWLEDGMENT
The authors gratefully acknowledge Dr. Elsa Bello-Reuss (Dept. of
Internal Medicine, UTMB, Galveston, TX) for the TKPTS cells. We
also thank Dr. Peter M. Price for his helpful discussions. This material
is the result of work supported in part with resources and the use of
facilities at the Central Arkansas Veteran Healthcare Center, Little
Rock, Arkansas, and was supported by an NIH/NIDDK grant (PO1
DK58324-01A1) (R.L.S.).
Reprint requests to Istvan Arany, Ph.D., Department of Internal
Medicine, University of Arkansas for Medical Sciences and Central
Arkansas Veteran HealthCare System, 4300 W. 7th St., 151/LR, GC-147,
Little Rock, AR 72205.
E-mail: iarany@uams.edu
REFERENCES
1. SUTTON TA, MOLITORIS BA: Mechanisms of cellular injury in is-
chemic acute renal failure. Semin Nephrol 18:490–497, 1998
2. TORRAS J, CRUZADO JM, GRINYO JM: Ischemia and reperfusion in-
jury in transplantation. Transplant Proc 31:2217–2218, 1999
3. COYLE JT, PUTTFARCKEN P: Oxidative stress, glutamate, and neu-
rodegenerative disorders. Science 262:689–695, 1993
4. KUNDUZOVA OR, BIANCHI P, PIZZINAT N, et al: Regulation of
JNK/ERK activation, cell apoptosis, and tissue regeneration by
monoamine oxidases after renal ischemia-reperfusion. FASEB J
16:1129–1131, 2002
5. KUNDUZOVA OR, BIANCHI P, PARINI A, CAMBON C: Hydrogen perox-
ide production by monoamine oxidase during ischemia/reperfusion.
Eur J Pharmacol 448:225–230, 2002
6. DAVIES KJ: The broad spectrum of responses to oxidants in pro-
liferating cells: A new paradigm for oxidative stress. IUBMB Life
48:41–47, 1999
7. DI MARI JF, DAVIS R, SAFIRSTEIN RL: MAPK activation determines
renal epithelial cell survival during oxidative injury. Am J Physiol
277:F195–203, 1999
8. PARK KM, CHEN A, BONVENTRE JV: Prevention of kidney
ischemia/reperfusion-induced functional injury and JNK, p38, and
MAPK kinase activation by remote ischemic pretreatment. J Biol
Chem 276:11870–11876, 2001
9. PARK KM, KRAMERS C, VAYSSIER-TAUSSAT M, et al: Prevention of
kidney ischemia/reperfusion-induced functional injury, MAPK and
MAPK kinase activation, and inflammation by remote transient
ureteral obstruction. J Biol Chem 277:2040–2049, 2002
10. YIN T, SANDHU G, WOLFGANG CD, et al: Tissue-specific pattern of
stress kinase activation in ischemic/reperfused heart and kidney. J
Biol Chem 272:19943–19950, 1997
11. KUNDUZOVA OR, BIANCHI P, PIZZINAT N, et al: Regulation of
JNK/ERK activation, cell apoptosis, and tissue regeneration by
monoamine oxidases after renal ischemia-reperfusion. FASEB J
16:1129–1131, 2002
12. WANG X, MARTINDALE JL, LIU Y, HOLBROOK NJ: The cellular re-
sponse to oxidative stress: Influences of mitogen-activated protein
kinase signaling pathways on cell survival. Biochem J 333 (Pt 2):291–
300, 1998
13. CROSSTHWAITE AJ, HASAN S, WILLIAMS RJ: Hydrogen peroxide-
mediated phosphorylation of ERK1/2, Akt/PKB and JNK in corti-
cal neurones: Dependence on Ca(2+) and PI3-kinase. J Neurochem
80:24–35, 2002
14. ASADA S, FUKUDA K, NISHISAKA F, et al: Hydrogen peroxide induces
apoptosis of chondrocytes: Involvement of calcium ion and extra-
cellular signal-regulated protein kinase. Inflamm Res 50:19–23, 2001
15. GUYTON KZ, LIU Y, GOROSPE M, et al: Activation of mitogen-
activated protein kinase by H(2)O(2). J Biol Chem 271:4138–4142,
1996
16. SALH BS, MARTENS J, HUNDAL RS, et al: PD98059 attenuates hy-
drogen peroxide-induced cell death through inhibition of Jun N-
terminal kinase in HT29 cells. Mol Cell Biol Res Commun 4:158–
165, 2000
17. ERNEST S, BELLO-REUSS E: Expression and function of P-
glycoprotein in a mouse kidney cell line. Am J Physiol 269:C323–
333, 1995
18. GORMAN A, MCCARTHY J, FINUNCE D, et al: Morphological ass-
esment of apoptosis, in Techniques in Apoptosis: A User’s Guide,
edited by Cotter TG, Martin SJ, London, Portland Press Ltd., 1996,
pp 1–20
19. MIYAZAKI T, KATAGIRI H, KANEGAE Y, et al: Reciprocal role of ERK
and NF-{kappa}B pathways in survival and activation of osteo-
clasts. J Cell Biol 148:333–342, 2000
20. KANETO H, XU G, FUJII N, et al: Involvement of c-Jun N-terminal
kinase in oxidative stress-mediated suppression of insulin gene ex-
pression. J Biol Chem 277:30010–30018, 2002
21. ARANY I, RADY P, TYRING SK: Interferon treatment enhances the
expression of underphosphorylated (biologically-active) retinoblas-
toma protein in human papilloma virus-infected cells through the
inhibitory TGF beta 1/IFN beta cytokine pathway. Antiviral Res
23:131–141, 1994
22. COBB MH: MAP kinase pathways. Prog Biophys Mol Biol 71:479–
500, 1999
23. KHAN AU, WILSON T: Reactive oxygen species as cellular messen-
gers. Chem Biol 2:437–445, 1995
24. HAYAMA M, INOUE R, AKIBA S, SATO T: ERK and p38 MAP ki-
nase are involved in arachidonic acid release induced by H2O2 and
PDGF in mesangial cells. Am J Physiol Renal Physiol 282:F485–491,
2002
25. RAMACHANDIRAN S, HUANG Q, DONG J, et al: Mitogen-activated pro-
tein kinases contribute to reactive oxygen species-induced cell death
in renal proximal tubule epithelial cells. Chem Res Toxicol 15:1635–
1642, 2002
26. BARNOUIN K, DUBUISSON ML, CHILD ES, et al: H2O2 induces a tran-
sient multi-phase cell cycle arrest in mouse fibroblasts through mod-
ulating cyclin D and p21Cip1 expression. J Biol Chem 277:13761–
13770, 2002
27. CHUNG YW, JEONG DW, WON JY, et al: H(2)O(2)-induced AP-1
activation and its effect on p21(WAF1/CIP1)-mediated G2/M arrest
in a p53-deficient human lung cancer cell. Biochem Biophys Res
Commun 293:1248–1253, 2002
28. HUNG CC, TAKAHARU I, STEVENS JL, BONVENTRE JV: Protection of
renal epithelial cells against oxidative injury by endoplasmic reticu-
lum stress preconditioning is mediated by ERK1/2 activation. J Biol
Chem 278:29317–29326, 2003
29. BONNI A, BRUNET A, WEST AE, et al: Cell survival promoted by
the Ras-MAPK signaling pathway by transcription-dependent and
-independent mechanisms. Science 278:29317–29326, 2003
30. JIN K, MAO XO, ZHU Y, GREENBERG DA: MEK and ERK protect
hypoxic cortical neurons via phosphorylation of Bad. J Neurochem
80:119–125, 2002
31. SCHAFFER SW, CROFT CB, SOLODUSHKO V: Cardioprotective ef-
fect of chronic hyperglycemia: Effect on hypoxia-induced apopto-
sis and necrosis. Am J Physiol Heart Circ Physiol 278:H1948–1954,
2000
32. ROOVERS K, ASSOIAN RK: Integrating the MAP kinase signal
into the G1 phase cell cycle machinery. Bioessays 22:818–826,
2000
33. PUMIGLIA KM, DECKER SJ: Cell cycle arrest mediated by the
MEK/mitogen-activated protein kinase pathway. Proc Natl Acad
Sci USA 94:448–452, 1997
34. MEGYESI J, DI MARI JF, UDVARHELYI N, et al: DNA synthesis is
dissociated from the immediate-early gene response in the post-
ischemic kidney. Kidney Int 48:1451–1458, 1995
35. MEGYESI J, ANDRADE L, VIEIRA JM, JR, et al: Coordination of the cell
cycle is an important determinant of the syndrome of acute renal
failure. Am J Physiol Renal Physiol 283:F810–816, 2002
36. MEGYESI J, ANDRADE L, VIEIRA JM, JR, et al: Positive effect of the
induction of p21WAF1/CIP1 on the course of ischemic acute renal
failure. Kidney Int 60:2164–2172, 2001
37. WESTON CR, DAVIS RJ: The JNK signal transduction pathway. Curr
Opin Genet Dev 12:14–21, 2002
38. TIBBLES LA, WOODGETT JR: The stress-activated protein kinase
pathways. Cell Mol Life Sci 55:1230–1254, 1999
Arany et al: ERK and JNK and renal cell survival after oxidant injury 1239
39. KIM DK, CHO ES, SEONG JK, UM H-D: Adaptive concentrations of
hydrogen peroxide suppress cell death by blocking the activation of
SAPK/JNK pathway. J Cell Sci 114:4329–4334, 2001
40. SAKON S, XUE X, TAKEKAWA M, et al: NF-{kappa}B inhibits
TNF-induced accumulation of ROS that mediate prolonged
MAPK activation and necrotic cell death. EMBO J 22:3898–3909,
2003
41. MA X, DU J, NAKASHIMA I, NAGASE F: Menadione biphasically con-
trols JNK-linked cell death in leukemia Jurkat T cells. Antioxid
Redox Signal 4:371–378, 2002
42. DIMARI J, MEGYESI J, UDVARHELYI N, et al: N-acetyl cysteine ame-
liorates ischemic renal failure. Am J Physiol 272:F292–298, 1997
43. BARR RK, BOGOYEVITCH MA: The c-Jun N-terminal protein kinase
family of mitogen-activated protein kinases (JNK MAPKs). Int J
Biochem Cell Biol 33:1047–1063, 2001
44. HARPER SJ, LOGRASSO P: Signaling for survival and death in neu-
rones: The role of stress-activated kinases, JNK and p38. Cell Signal
13:299–310, 2001
45. CHANG L, KARIN M: Mammalian MAP kinase signaling cascades.
Nature 410:37–40, 2001
46. LI Y, ARITA Y, KOO H-C, et al: Inhibition of JNK pathway improves
cell viability in response to oxidant injury. Am J Respir Cell Mol
Biol 29:779–783, 2003
47. CZAJA MJ, LIU H, WANG Y: Oxidant-induced hepatocyte injury from
menadione is regulated by ERK and AP-1 signaling. Hepatology
37:1405–1413, 2003
48. MEVES A, STOCK SN, BEYERLE A, et al: H(2)O(2) mediates oxidative
stress-induced epidermal growth factor receptor phosphorylation.
Toxicol Lett 122:205–214, 2001
49. GAMOU S, SHIMIZU N: Hydrogen peroxide preferentially enhances
the tyrosine phosphorylation of epidermal growth factor receptor.
FEBS Lett 357:161–164, 1995
50. RAO GN: Hydrogen peroxide induces complex formation of SHC-
Grb2-SOS with receptor tyrosine kinase and activates Ras and
extracellular signal-regulated protein kinases group of mitogen-
activated protein kinases. Oncogene 13:713–719, 1996
51. BRONDELLO J-M, BRUNET A, POUYSSEGUR J, MCKENZIE FR: The dual
specificity mitogen-activated protein kinase phosphatase-1 and -2
are induced by the p42/p44MAPK cascade. J Biol Chem 272:1368–
1376, 1997
52. BAAS AS, BERK BC: Differential activation of mitogen-activated
protein kinases by H2O2 and O2 in vascular smooth muscle cells.
Circ Res 77:29–36, 1995
53. GROSS I, BASSIT B, BENEZRA M, LICHT JD: Mammalian sprouty pro-
teins inhibit cell growth and differentiation by preventing Ras acti-
vation. J Biol Chem 276:46460–46468, 2001
